A fast, efficient and simple method is presented for the production of high quality graphene on a large scale by using an atmospheric pressure plasma-based technique. This technique allows to obtain high quality graphene in powder in just one step, without the use of neither metal catalysts and nor specific substrate during the process. Moreover, the cost for graphene production is significantly reduced since the ethanol used as carbon source can be obtained from the fermentation of agricultural industries. The process provides an additional benefit contributing to the revalorization of waste in the production of a high-value added product like graphene. Thus, this work demonstrates the features of plasma technology as a low cost, efficient, clean and environmentally friendly route for production of high-quality graphene.
Scalable graphene production from ethanol decomposition by microwave argon plasma torch 1 
. Introduction
Graphene is a two-dimensional carbon material (2D material) which can be considered as the basic structure of all known graphitic materials such as fullerenes, carbon nanotubes (CNTs) and graphite. During the last years, the interest of the scientific community in the graphene has increased considerably due to its wide range of applications in fields such as electronic, catalysis, energy storage and composite materials; applications that are based on the novel electrical and mechanical properties of this material [1] [2] [3] [4] [5] [6] . Thus, the development of synthesis processes with possibilities to be scalable at industrial level is one of the main objectives of research laboratories and companies.
Although high quality graphene can be obtained from highly oriented pyrolytic graphite by mechanical exfoliation [7, 8] anodic bonding [9, 10] or laser ablation [11, 12] , the use of these techniques does not allow to scale up its production for commercial applications. Chemical vapour deposition (CVD) and liquid phase exfoliation (LPE) are scalable techniques widely used for the graphene production. However, its use presents some limitations. In the case of CVD, graphene is always supported on a specific substrate, being Ni and Cu the most used metals as catalysts. Then, its quality depends on the nature of the substrate limiting its use in certain applications. Besides the need of catalyst, the addition of an excess of hydrogen is necessary to activate the catalysis [13] [14] [15] and high temperatures are also required, which implies a high economic cost. LPE is a substrate-free graphene synthesis method with a relatively low production costs [16] [17] [18] . This technique consists in the dispersion of graphite in an aqueous or non-aqueous solvent followed by exfoliation by using, for instance, ultrasounds. The material produced by LPE uses to present a large number of defects, probably due to the exfoliation itself and/or the purification processes used for removing the un-exfoliated graphite flakes, but a scalable method for producing large quantities of graphene defect free by LPE has been reported during the last years [19] . However, the obtained graphene is suspended in a solvent, restricting its application. Then, the available scalable techniques, CVD and LPE, do not allow to obtain high quality graphene powder in one step, needing complementary treatments to extract it from the substrate (CVD) or the solvent (LPE), reducing the technological fields in which can be applied.
During the last years, plasma, defined as a partially ionized gas, mainly composed by electrons, ions, neutral atoms and photons, has emerged as a promising technology, complementary/alternative to conventional methods, for the production of nanostructured carbon material by using different precursors as carbon source [20] [21] [22] being the energy of the plasma particles (∼500 K) enough for decomposing organic molecules into their atomic elements, that can later recombine at the plasma exit forming compounds different to those initially introduced.
Plasma enhanced chemical vapour deposition (PECVD) was the first plasma-based technique applied to the synthesis of graphene [23] [24] [25] [26] [27] [28] [29] [30] . PECVD can significantly reduce the graphene production costs because it works at lower temperatures than the conventional CVD process; however, PECVD shows some of the limitations of CVD technique (substrate and low pressure requirements).
Recently, microwave plasmas have been reported as efficient, clean and environmentally friendly tool for the synthesis of catalyst-free graphene by using ethanol as carbon source [20] [21] [22] which is of special interest since a surplus can be derived from the biomass via fermentation then allowing the revalorization of waste for producing a high-value added product like graphene. Microwave plasmas can operate at relatively low powers (<1 kW), presenting high stability and reproducibility within a wide range of operational conditions. Furthermore, the possibility of working at atmospheric pressure, make them an economic and attractive technique for implementation of the process at industrial scale, reducing the production costs. Atmospheric pressure microwave plasmas are non-thermal plasmas in which the average energy of electrons and heavy particles (above 7000-10 000 and 1200-3000 K, respectively) are larger than those required for decomposing organic compounds. Due to the difference in temperature (energy) between electrons and heavy particles, lower energies are required for creating and maintaining these discharges since the energy is not used to heat discharge particles but to induce physical and chemical reactions for the generation of radicals and excited species into the plasma [31, 32] . Besides, in atmospheric-pressure plasmas the great number of electrons colliding with the plasma heavy particles avoids the recombination of species into large chain molecules at the plasma exit limiting the size of the by-products [33] .
Dato's group [21, 34] in 2008 and later Tatarova's group [22, 35] in 2013 were the first groups that reported the synthesis of high quality graphene from ethanol by using atmospheric pressure microwave plasmas. Dato [21] reported the use of 84 mg of ethanol per each mg of graphene obtained.
No details about graphene production were reported in Tatarova's work. Both processes produce high-quality graphene with relatively low ethanol costs, being the synthesized graphene collected in a nylon filter. Therefore, its extraction requires of a subsequent treatment by using a solvent. In 2015, Rincón et al [20] proposed a procedure by which a mixture graphene/CNTs was obtained in an amount of 4 mg h −1 , but the graphene percentage contained in this mixture was not reported. In summary, the processes described in these papers show the possibility of producing graphene but they do not solve one of the most important challenges faced by the scientific community, i.e., the direct production of graphene powder for scale up production.
In this paper, we report high-quality graphene production by a special microwave plasma torch using ethanol as carbon source and Ar as carrier gas. The plasma is generated by a TIAGO device developed by Moisan's group [36] . A detailed theoretical and experimental description was reported in [37, 38] . The proposed synthesis process is carried out by a single step and no metal catalyst is needed. Graphene powder is directly obtained from the ethanol decomposition and extracted from a reactor designed for this purpose without any further treatment in contrast to other procedures in which the graphene is gathered on a nylon membrane [21, 22] or a filter [20] placed after the plasma.
The advantage of the TIAGO device in comparison with those used by Dato [21, 34] , Tatarova [22, 35] and Rincón [20] are the following ones:
(a) TIAGO torch has higher tolerance to ethanol injection and large power densities are delivered to the discharge compared to other field applicators such as resonant cavities or waveguides [39, 40] and other microwave devices [20, 41] ; besides, the high values of electron density and temperature of this torch also favour the decomposition of substances and their excitation [20, 41] , (b) it does not present the contraction and filamentation phenomena typically observed in microwave plasmas generated in dielectric tubes at atmospheric pressure. Nevertheless, these phenomena, depending on the thermal conductivity of the plasma gas and the discharge tube diameter [42] , can be avoided by using discharge tubes of small internal radius [43] or vortex configuration [44, 45] , and (c) as it can be read in [36] 'it is possible to arrange TIAGOs in arrays to form a compact torch system which can be supplied with equal distribution of power between plasma flames from a single waveguide, that is, the TIAGOs arrays can be operated at 2.45 GHz with powers of a few hundred watts up to 2-3 kW per nozzle. This unique feature makes this device particularly suitable to be implemented at industrial level'.
In this context, with the current research we contribute to present the microwave plasma TIAGO torch as an economic and attractive technique for the implementation of the graphene synthesis at industrial scale, reducing the production costs.
Experimental set-up and analysis methods of carbon material

Plasma system
Figure 1(a) shows a picture of the TIAGO torch. This specific device is constituted by a waveguide whose central section is reduced in height and a cylindrical hollow metallic rod placed perpendicularly to it. The plasma gas flows inside the rod to the tip, where the plasma is created and the discharge can be considered as a jet conical flame surrounded by the air around it. In order to use this device in the ethanol decomposition, the TIAGO device was modified by adding a glass reactor coaxially placed around the metallic rod ( figure 1(b) ). Reactor consists in a glass cylinder manufactured with three outflows which can be maintained opened or closed as it is described in our previously published works [37, 38, 46] . Besides, a quartz window was added to the reactor in order to register the radiation emitted by the discharge avoiding the UV-region radiation absorption. In the current research, the outflow placed at the top was opened to evacuate the gases formed from the ethanol decomposition and, therefore, maintaining atmospheric pressure into the reactor. The outflow placed in the lower part of the reactor was closed after switching the plasma on and the other one was coupled to a mass spectrometer to monitor the nitrogen content coming from the surrounding air into the reactor. Ethanol was introduced into the plasma once the nitrogen amount was constant.
In the current research, the glass reactor plays two significant roles. First, it reduces the contact of the plasma with the atmospheric air and, consequently, avoids the instabilities produced by the air stream. The influence of the surrounding air on the plasma has been studied in previous works, and the results shown that the air entrance into the plasma not only modifies the equilibrium properties and discharge kinetics of the Ar plasmas [37, 38] , but also induces changes in the decomposition routes of ethanol [46, 47] . This air entrance provokes a decrease of the gas temperature, reducing the energy of the plasma heavy particles and it modifies the reaction kinetics in which these particles take part. Besides, the presence of air components (N 2 and O 2 ) in TIAGO plasmas favours the formation of CN species due to the interaction of nitrogen with carbon atoms coming from the ethanol decomposition. Formation of CN prevents the formation of C 2 radicals that are the precursor species of the graphene material. As it was reported elsewhere [48, 49] , the presence of an oxidizing component (oxygen or water) in the plasma hinders the production of solid carbon, favouring the formation of both CO 2 and CO at the plasma exit.
Furthermore, the reactor is used as a chamber to retain the solid species resulting from the ethanol decomposition. In our case, the plasma flame occupies the reactor centre and the carbon species generated in the discharge are deposited in the inner walls of reactor. Therefore, they can be directly collected without needing the use of solvent and complementary processes.
Microwave power (300 W) was supplied to create and maintain the discharge in continuous mode by a 2.45 GHz SAIREM microwave generator (GMP kG/D) equipped with water cooled circulator to avoid power reflection damage. A short circuit movable plunger and a triple stub was used to match the impedance and stabilize the plasma keeping the reflected power below 5% of the input power [37, 38] .
High purity (99.999%) argon gas was used to initiate and feed the discharge using Bronkhorst mass flow controller. An Ar flow of 1 l min −1 was used in this research since the formation of solid carbon from the ethanol decomposition is favoured from this flow [46, 47] . In previous studies [46] , we demonstrated that the use of ethanol concentrations larger than 2% resulted in flame extinction. Therefore, we chose 2 g h −1 of ethanol which corresponds 2% (V/V) of ethanol in the argon-ethanol (Ar-EtOH) mixture. Ethanol was vaporized by a Controlled Evaporator Mixer (CEM, Bronkhorst) before being introduced into the plasma. The CEM-System is an innovative liquid delivery system that can be applied for atmospheric or vacuum processes. The vapour generation system consists of a Coriolis liquid flow controller (LIQUID-Flow ® ) for ethanol, a Mass Flow Controller (EL-FLOW ® ) for Ar which acts as carrier gas and a temperature controlled mixing/evaporation device. The components forming part of the CEM-system were integrated in a single panel designed by Iberfluid Instruments S.A. (figure 2). Ethanol was placed in a small tank pressurized with helium to ensure proper working of the liquid flow controller. This vaporization system can replace bubblers with better performance, stability and accuracy [50] . Once Ar plasma was ignited Ar-EtOH gas mixture was added to the TIAGO plasma through a steel tube heated at 110°C to prevent ethanol condensation.
Analysis techniques
The plasma capability of inducing the decomposition of ethanol molecules and the species formed was analysed from the radiation emitted by the plasma. This radiation was collected at a height of 0.5 mm above the tip of the torch and directed by an optical fibre to a Czerny-Turner monochromator (Jobin-Yvon Horiba) of 1 m focal length previously calibrated and equipped with a 2400 grooves mm diffraction grating. A symphony CCD camera (CCD-1024×256-OPEN-STE) was used as radiation detector.
Nitrogen levels in the quartz reactor were monitored by using a quadrupole mass spectrometer (PTM63 112, mod. Omnistar, Pfeiffer Vacuum Technology) coupled to one of the lateral reactor outflows. A filter (Ref 33127-201 Iberfluid) was placed between the reactor and the spectrometer to prevent the entrance of solid carbon into the spectrometer.
The synthesized material was analysed by low-magnification TEM using a JEOL JEM 1400 operated at 120 kV and High-Resolution TEM (HRTEM) with a FEAI Tecnai G2F30 s-Twin microscope (0.2 nm point resolution) operated at 200 kV of accelerating voltage. Additionally, graphene samples supported in a glass substrate were characterized by Raman spectroscopy in the 750-3500 cm −1 using a Renishaw inVia confocal Raman Microscope equipped with a 514 nm and 20 mW NdYAG laser. XPS spectra were also obtained for attaining information about the graphene surface; for these purpose, a PHOIBOS 150 MCD with a double anode of Mg and Al was utilized. Finally, TGA analysis were carried out to evaluate the homogeneity, thermal stability and purity of the synthesized carbon material by using a Mettler Toledo TGA/ DSC under aerobic conditions (50 ml min −1 ) and a heating rate of 5°C min −1 .
Results and discussion
Plasma external morphology and emitted spectra
A Casio Exilim EX-FH20 digital camera was used to take photographs of both pure Ar and Ar-EtOH plasmas. Figure 3(a) shows the torch generated with pure Ar for the experimental conditions of the current research (1 l min
flow and 300 W power). In this case, the plasma exposes a characteristic pinkish colour due to the entrance of N 2 coming from the surrounding air in the plasma. As an example, a spectrum of the Ar plasma torch operated at these conditions is presented in figure 3(b) . This spectrum is mostly dominated by Ar atomic lines corresponding to transitions from 4p and 5p levels. However, not only Ar lines are detected, but also molecular bands associated to excited molecules and molecular ions of nitrogen (N 2 and N 2 + ), respectively, and the other bands as CN, NO or CO. These species are formed by reactions between Ar atoms and ions with the N 2 , O 2 and CO 2 contained in the air inside the reactor [37, 47] . In pure Ar plasma, the presence of OH radical and the hydrogen atomic line H α come from the decomposition of H 2 O, which is present as impurity coming from the surrounded air. Once the atmosphere is stable inside the reactor, the ArEtOH mixture was added to the plasma. Then, the discharge colour becomes green ( figure 3(c) ) which is in line with the changes in the visible spectra emitted ( figure 3(d) ). This colour change, due to the strong emission corresponding to C 2 species whose band-heads are in the 430-610 nm range of the spectrum ( figure 3(d) ), proves that the ethanol molecules are being decomposed into the plasma. Besides, the drastic decrease of Ar emissions suggests that the energy supplied to the discharge is not being used only in the excitation/ionization of Ar atoms, but also in the dissociation/excitation of ethanol molecules [46] . The C 2 specie is considered as precursor of the graphene; thus, its presence in the Ar-EtOH plasma predicts the formation of graphene at the plasma exit. A couple of minutes after adding Ar-EtOH mixture to the discharge, a black powder is deposited on the reactor walls; then, the emission spectra must be taken before the appearance of this dark layer. In [48] , the formation of C 2 species from the decomposition of organic substances was also observed in Ar microwave discharges (in tubes) at low pressure. However, any nanostructured carbon material was reported. As it has been said before, in microwave plasmas the electrons are responsible for the gas heating taking the energy from the electromagnetic field and the elastic collisions between the electrons and the heavy particles. Plasmas generated at atmospheric pressure are collisional environments in which the electron density has a value 10 14 cm −3 [31, 37, 38] . This fact, favours these collisions and, consequently, the energy transference from electrons to heavy particles, increasing the gas temperature in comparison to low pressure plasmas. In particular, the introduction of ethanol in Ar TIAGO torch at atmospheric pressure gives place to an increase of the gas temperature from ≈3000 K (pure Ar) to ≈5000 K (Ar-EtOH) [41, 46] ; at low pressure, the gas temperature also raises with the entrance of ethanol into the discharge varying from an initial value of 1300 to 1900-2200 K [48] . In previous works [20, 46] , it was found that high temperature (≈3000 K) favours the formation of nanostructured carbon material. This fact explains why graphene is not obtained in microwave plasmas at low pressure. Then, we can say that two factors must be simultaneously present to induce the graphene formation: the formation of C 2 radicals and a high gas temperature Low-magnification TEM images were obtained for different samples collected from the same vial (i.e. coming from the same extraction) with the purpose of verifying that the material deposited on different parts of the reactor walls have the same structure. For all these samples, the characteristic graphene structure is observed without the presence of any other nanostructured carbon material or carbonaceous particles. Besides, homogeneity in the structure can be also observed, identifying transparent zones which correspond to extended sheets, while darker zones correspond to folded graphene sheets.
HRTEM images show that the produced graphene consists of few layer sheets without the presence of CNTs or graphitic particles ( figure 5) . This indicates the selectivity of this procedure in the synthesis of pure graphene in relation to the formation of other carbon nanostructures.
A sample of the solid material was placed on a glass substrate to be analysed by Raman spectroscopy. Figure 6 shows a spectrum (750-3500 cm ) recorded with an acquisition time of 30 s to avoid damages on the sample. The G and 2D bands characteristic of graphene [51] are present in the spectrum. The G band appearing at ∼1580 cm −1 corresponds to the plane configuration of carbon atoms bonded with sp 2 hybridation; this location of G peak discards the presence of graphene oxide, which is slightly upshifted (∼1594 cm −1 ) [52, 53] . The presence of the D band (∼1352 cm −1 ), first order zone boundary phonon mode, associated with defects in the graphene, presents a low intensity in comparison to the G band. Other bands as D' and G+D also assigned to defects in the graphene are observed but their intensity can be considered negligible in comparison to G and 2D bands [51] . The ratio I D /I G is habitually used to quantify the defects present in a graphene sample. For the graphene reported in figure 6 , the I D /I G value is 0.24, indicating a low number of defects. Similar ratios were found for all the analysed samples. The I D /I G ratio can be also used to determinate the socalled the crystallite domain size (L a ) and the distance between defects (L D ) according to equations reported by Cançado et al [54, 55] . For our graphene, the L a and L D values derived from the Raman spectra are 69.6 and 22.4 nm, respectively, being similar values to graphene synthesized by CVD method [56] [57] [58] .
The 2D band is clearly visible in the spectrum and located at ∼2700 cm −1 which is the region for few layer graphene reported in the literature [56, [59] [60] [61] [62] [63] [64] [65] . The line shape of the 2D peak, as well as its intensity relative to the G peak, can be used to characterize the number of layers [21, [66] [67] [68] . Single-layer graphene is characterized by a very sharp, symmetric, Lorentzian 2D peak with intensity greater than twice the G peak. As the number of layers increases the ratio between the intensities of 2D and the G peaks tends to be lower than 2 and the 2D band becomes broader, less symmetric and its intensity decreases; thus, the 2D band in non-monolayer graphene can be resolved into two or more components whereas monolayer graphene the 2D peak has a single component [68, 69] . It is difficult to derive the number of graphene layers from the deconvolution of 2D peak; however, combining the results derived from the I 2D /I G ratio (1.44) which is close to the value obtained by other authors [56, 59-65, 70, 71] , and HRTEM images it can be extracted that the graphene synthesized by our procedure consists of few layers (2-7 layers). In order to verify the reproducibility of the proposed graphene synthesis procedure, different batches (produced under the same experimental conditions) were analysed by Raman Spectroscopy, obtaining similar values for I 2D /I G (>1) and I D /I G (=1) ratios. These values appear depicted in figure 7 and confirm the reproducibility of our synthesis method in terms of quality of the synthesized graphene.
Survey x-ray photoelectron spectroscopy (XPS) spectrum shows the presence of carbon atoms as majority element (98.5 at%) ( figure 8(a) ); and a small amount of oxygen that can be mainly attributed to the influence of the atmospheric oxygen during the extraction of graphene from the reactor. This agrees with the discussion about the location of G band in the analysis of the Raman spectrum. The deconvolution of C1s peak allowed us to carry out a detailed analysis of the types of carbons presents on the surface of the graphene ( figure 8(b) ). The commercially available CasaXPS software was employed for this deconvolution. The C1s components were fitted using a Voigt function (70% Gaussian/30% Lorentzian). C1s core level XPS is mainly dominated by a peak at 284.4 eV which can be assigned to carbon with sp 2 hybridation. The deconvolution shows the presence of bands at 285.7, 286.2, 287.1 and 288.5 eV which, in agreement with previous reports [22, 58, [72] [73] [74] [75] [76] [77] [78] [79] , can be assigned to phenolic, epoxide, carbonyl and carboxyl groups, respectively. The low intensity found for the peak at 285.3 eV indicates the presence of low atomic percentage of carbons with sp 3 hybridation, which is associated to disorder or defects in graphene structures, confirming the results obtained from the analysis of Raman spectra (figure 6). According to the literature, the high quality of the graphene synthesized in this work is corroborated by the presence of the shake-up satellite peak at 290.4 eV [57, 59] .
TGA analysis was also performed being figure 9 a representative example of all the analysed samples. This figure shows both the TGA curve (line red) and derivative thermogravimetric curves (blue line) allowing the estimation of the temperature at which the sample experiences a loss of weight due to a combustion processes (in air environment). This temperature, commonly denominated oxidation temperature (T o ), calculated for our samples was around 550°C which is similar to the values reported in the literature for other graphene samples [79] [80] [81] [82] . The presence of only one oxidation temperature at ≈550°C, with a residual mass of almost 0% is an additional evidence of the high purity of the graphene synthesized by the procedure herein presented. In addition, the absence of another T o at 350°C-400°C confirms that the analysed samples were free of amorphous carbon [73, 83] .
A comparison of the graphene synthesized by our procedure with one obtained by LPE was carried out. Raman analysis (figure 10) and TEM images (figure 11) are presented for both types of graphene. In figure 10 , corresponding to the graphene obtained by TIAGO torch, the 2D band presents higher intensity, a more defined shape and much more less broadening, which is associated with a lower number of layers. As it has been mentioned before, the ratio between the intensities of 2D and G bands is a qualitative measure of the graphene quality. In this way, it can be observed that for graphene produced by TIAGO, the 2D peak intensity is higher than the G peak indicating that sheets are formed by only a few layers. Meanwhile, for the graphene produced by exfoliation, the D peak intensity is comparable to G peak and presents a significant broadening, which is a proof of the important number of defects in the material. The results of the Raman analyses agree with the TEM images ( figure 11 ). One observes that the transparency of graphene synthesized by our procedure is higher than for graphene obtained by graphite exfoliation. The darkened areas of the LPE graphene indicate that it is formed by much more layers than graphene produced from ethanol decomposition by TIAGO plasma torch.
Conclusions
In summary, we have presented a simple and effective method, based in microwave plasma technology, to produce graphene powder (2-7 layers) by using ethanol as carbon precursor. This technology solves one of the most important challenges facing the scientific community for graphene production, i.e., the synthesis of high-quality graphene in powder, catalyst-free and with the possibility to be scalable at industrial level. The production of graphene in powder has the advantage the possibility of obtaining solutions and dispersions by using different solvents depending of the intended application. The quality of the synthesized graphene is comparable to that obtained by using the traditional CVD technique or new developed procedures based on shear graphite exfoliation in liquids. The benefits of the use of the procedure reported here consist basically in four points:
(a) the experimental setup can be connected in series of more than one device, which is not possible with the other experimental setups reported to date, (b) the use of a quartz reactor allows us to create the optimum environment to synthesize graphene, (c) the addition of ethanol in gas phase facilitates its decomposition and, therefore, less amount of ethanol is needed for obtaining graphene; unlike the systems adding the carbon precursor as aerosol (using Ar) or bubbling Ar in ethanol, our system allows to feed the TIAGO device with known concentrations of a gaseous mixture, (d) metal catalysts are not needed to activate the growth processes, making this technique more environmentally friendly.
Finally, the use of ethanol as the carbon source contributes to the revalorization of waste for producing a highvalue added product like graphene.
